Abstract: The possibility to prepare hybrids made by poly(vinyl acetate) (PVAc), poly(methyl methacrylate) (PMMA) and/or poly(ethyl acrylate) (PEtA) with TiO 2 was studied. The processes of polymer formation -radical polymerization and sol-gel process for inorganic network -were achieved simultaneously. Due to a high reactivity of titanium isopropoxide (TIP) in the sol-gel process, a complexant comonomer, allyl acetoacetate (AlAcAc), was used. Covalent bonds between polymer and inorganic chains were obtained by addition of trialkoxysilane derivates with vinyl (VTES) or methacryloyl (MPTS) groups. The presence of TIP inhibits the radical polymerization of vinyl acetate (VAc). The PVAc-TiO 2 hybrids were produced by the sol-gel process of TIP in the presence of pre-obtained PVAc. Except for VTES and MPTS, trialkoxysilane derivates with methyl (MeTES), octyl (OTES) and phenyl (PTES) groups were used. The thermal stability of hybrids is strongly affected by TiO 2 presence and by the type of trialkoxysilane derivates. The thermal stability of PVAc hybrids decreases in the presence of TiO 2 inorganic network. The glass transition temperature of polymers increases in the presence of the inorganic network.
Introduction
Inorganic-polymer hybrids represent a relative recent field of study [1] [2] [3] [4] . The inorganic network could be easily obtained by the sol-gel process of metallic alkoxides [1] [2] [3] [4] . This process consists in hydrolysis and condensation of mentioned alkoxides. The reactivity of the titanium alkoxides is higher than the silicium ones. For this reason proper method checks of this process have been developed: the controlled rate of addition of water [3, 4, 6] , the complexation of alkoxides followed by controlled hydrolysis [3, 7] . Some papers show that the control of sol-gel process was done in controlled humid medium [5, 8] .
The high reactivity of titanium alkoxides and alkyl-titanium compounds induces in polymer hybrids, just ionic or coordinative interactions between two chains [4] . Covalent bonds between polymeric and inorganic chains could be obtained together, if titanium and silicium (alkyl trialkoxide) compounds with C-Si bounds stable in sol-gel reaction are used [3, 4, 6, 10] .
The importance of titanium hybrid studies could be explained by superior properties (refractive index and physico-mechanic) compared with silicium compounds [3, 4] , increasing of thermal stability of used polymers [5] , changing of glass transition [4, 5] and melting [8] temperature of macromolecular component.
Polymers for obtaining TiO 2 polymer hybrids by sol-gel reaction are: tetramethyleneoxide oligomers [3] , poly(ethersulfone) [3] , ethylene-vinyl acetate copolymers [4] , poly(butyl methacrylate) [5] , poly(arylene ether phosphine oxide) [6] , poly(organophosphazene) [7] , poly(ethyleneoxide) [8] , poly(propylene) [9] , poly(methyl methacrylate) [10] , hydroxypropyl cellulose [11] .
For obtaining different ormocers, mixtures of silicium and titanium alkoxides and tetrafunctionalized monomers containing vinyl, methacryloyl, glycidyl and triethoxysilane groups were studied [4, 10] .
An interesting polymer type containing titanium was described by Camail and co. [12, 13] . It was obtained by radical copolymerization of trialkoxytitanium methacrylate and methyl methacrylate. These copolymers are cross-linked by interchain coordination.
The present paper shows the possibilities to prepare titanium hybrids using poly(vinyl acetate) (PVAc), poly(methyl methacrylate) (PMMA) and poly(ethyl acrylate) (PEtA). The adopted procedure is radical polymerization of monomers, simultaneous with sol-gel reactions of titanium derivates. For obtaining of covalent bonds between polymer and inorganic chains triethoxysilane derivates with Si-C bonds have been used in the sol-gel reaction together with titanium alkoxide. The goal was to obtain polymer-TiO 2 hybrids by the copolymerization of complexant monomers for TIP.
Experimental part

Materials
Commercial products of vinyl acetate (VAc), methyl methacrylate (MMA) and ethyl acrylate (EtA) were purified by rectification. Ethyl alcohol (EtOH), ethyl acetate (AcEt) and toluene "Chimopar" products, tetrahydrofurane (THF), "Carlo Erba" product, were also purified by rectification. Benzoyl peroxide (Bz 2 O 2 ), "Chimopar" product, was used without any purification. Titanium isopropoxide (TIP) and 3-(Trimethoxysilyl)propyl methacrylate (MPTS), "Fluka A.G." products, methyltriethoxysilane (MeTES), vinyltriethoxysilane (VTES), octyltriethoxysilane (OTES) and allyl acetoacetate (AlAcAc), "Merck" products, and phenyltriethoxysilane (PTES), "Aldrich" product, were used without any purification.
Procedures
The syntheses in absence of AlAcAc were done in argon atmosphere in a three-neck flask under stirring and constant temperature.
After one hour under argon atmosphere in the flask at 0
• C, the monomer (with 3 %wt. Bz 2 O 2 ), the part of alcohol, the silicium derivate and TIP were mixed. Then, under continuous stirring during 1 h, the solution of 3 cm EtOH with the amount of water (necessary for hydrolysis) and HCl (for pH=4) were gradually added. The mixture was stirred another hour at 0 • C. After homogenization, a part of the mixture was transferred into glass vials and sealed. The sealed vials were immersed in thermostated bath at 65
• C for 24 h. The gelation time was considered as time necessary to lose the fluidity of the mixture. The composition of reaction mixture is shown in Table 1 . For samples obtained in the presence of PVAc, the procedure was similar, but THF was used as a solvent (Table  2) . After 24 h of reaction, the glass vials were opened and the mixture was transferred in polyethylene plates for solvent evaporation at room temperature. The remainder was then dried under vacuum for 2 h. These are the hybrids obtained by sol-gel process of silane derivates and radical polymerization of vinyl and acryl monomers.
The other part of the reaction mixture was transferred onto polyethylene plates and left to allow volatile products of sol-gel process (alcohol) and the solvent to evaporate at room temperature. The remaining solids are just the product of sol-gel process.
In the case of copolymerization with AlAcAc there was no need to use argon. The reaction mixtures (Table 3) were prepared in glass vials with a magnetic stirrer. The homogeneous solutions obtained after addition of water were transferred into glass vials and then sealed. After that, the procedure was the same as above.
The VAc/AlAcAc copolymers complexed later with TIP (Table 4) were synthesized in toluene. After the evaporation of toluene, the hybrids were obtained in THF.
Analyses
The solid content was determined gravimetrically after the evaporation of the volatile products at 105 Table 3 . IR spectroscopy was performed on a Carl-Zeiss Specord 75IR instrument (producer Carl-Zeiss Jena), working with KBr pellets.
Results and discussions
Hybrids obtained with TIP and triethoxysilane derivates
In previous papers [14, 15] it was shown that the alcohol-water mixture could form microemulsions with TEOS and monomers. Using TIP, the physical-chemistry analyses are not possible, due to fast hydrolysis reaction. We consider that initial mixtures are also microemulsions due to nanostructured mixture of alcohol-water. Water was consumed due to the sol-gel process giving alcohol like secondary product leading to the modification of alcohol/water ratio.
The precipitation of TiO 2 or Ti/Si mixed sol-gel reaction products was observed after addition of water into monomer, EtOH, TIP and triethoxysilane mixtures in most of cases. The only homogeneous system was that contained TIP and MPTS for all three used monomers ( Table 1) .
The methacryloyl group is a strong complexant [12, 13] decreasing the rate of solgel process [3] . It is noticed that systems containing MPTS and TIP form a gel after copolymerization. The period of gel formation is approximately equal for MMA and EtA and higher for VAc. In this case polymer-inorganic networks linked by covalent bonds arising by copolymerization of methacryloyl groups from MPTS with the monomers and after hydrolysis of triethoxysilane groups and TIP were obtained.
The same possibility was observed for VTES. Due to lower reactivity of vinyl groups and missing of complexation capacity, the gelation in the case of MMA and EtA was obtained. In the case of VAc, the products were separated from the system. Final hybrids were opaque in all cases.
All other Si and Ti derivates involve a phase separation during the polymerization. The weak reactivity of VAc was a particular phenomenon noticed after analysis of solid content from the end of the reaction. Due to the capacity of change in valence of the Ti atom, some redox processes are possible [16] , which inhibits the radical polymerization of VAc.
We put PVAc into the sol-gel reaction (Table 2 ) in order to obtain the hybrids with higher content of PVAc. This polymer was obtained before in EtOH/H 2 O mixture, using the conditions described in Table 1 . The first observation using PVAc was that the reaction mixture prepared at 0
• C was homogeneous in most of cases. The acetyl groups from PVAc probably offer the complexation possibility with Ti derivate [3, 7] . After 24h reaction, only homogeneous system was formed like in the case of MPTS (Table 1) .
It is well known that the presence of an inorganic network in hybrid materials increases the thermal stability [5, 15, 18] . Starting from these assumptions we studied the effect of the inorganic part vs. the thermal stability of final products (Figs.1,2,3). Conditions for preparation are given in Table 1 .
Thermal degradation mechanisms of PVAc, PMMA and PEtA are different [19, 20] . As a clue of the thermal stability of the polymeric chain, we choose the temperature (T o ) when the major polymer degradation began [20] .
The thermal stabilities of products containing PEtA and/or PMMA and trialkoxysilanesaccording to T o follow the order: The TGA curves for materials with extreme thermal stabilities containing TIP and homopolymers are presented in Figures 1 and 2 for PEtA and PMMA. In both cases, the homopolymers have the lowest thermal stability. It is noticed that the weight lost takes place for the first stage, i.e., below 200
• C. In this range volatile products and unhydrolyzed alkoxy groups are removed [5] .
In the case of materials obtained by VAc polymerization (Fig. 3) , it was shown that the presence of an inorganic network decreases T o value (i.e., thermostability). The high level of inorganic part from PVAc involves a higher weight lost than for other polymers (PEtA and PMMA) below 200
The thermostability analysis of PVAc hybrids with high polymer level was done in synthesis conditions described in Table 2 . In this case, the change of T o value follows this order:
The TGA curves with extreme thermal stability (with TIP and PVAc) are shown in Fig. 4 . Similar with the case shown in Fig. 3 , the presence of the titanium inorganic network decreases the thermal stability compared with the homopolymer. It is possible that in PVAc case, Ti atoms with residual OH groups act like a catalyst for a thermal degradation of the polymer. Similar phenomenon was observed during thermal degradation of poly(vinyl chloride) [21] and polyesters [10] . In the case of OTES hybrids the interaction between the polymer and inorganic network is lower due to the length of hydrocarbonate groups linked by Si. These results show that alkyl groups from the inorganic network change the interaction between the polymer and inorganic chains [10, 22] . Following the results shown in Fig.1 to 4 , regarding the thermal degradation of hybrids, it is put in evidence that materials obtained with PMMA and PEtA ( Fig.1,2) have the same behavior up to 150
• C. The differences were noticed for the materials obtained with PVAc (Fig.3, 4) . Use of hybrid materials at room temperature are not affected by their thermal properties (degradation) at higher temperature because the loss in weight below 100
• C are not much affected by chemical structure of the partners. The aim of the present paper is to study the syntheses conditions for nanohybrids with TiO 2 . Later papers could put in evidence different application domains of these hybrid materials.
In the case of hybrid materials obtained with PVAc, PMMA, PEtA, the best thermal stabilities were obtained in the case of using polymerizable triethoxysilanes, VTES or MPTS. This fact proves that covalent bonds between inorganic and organic networks increase the thermal stability of hybrids.
Hybrids made from MPTS and VTES, i.e. without polymers, were studied in the recent paper [15] . Those results are in good agreement with results presented in this paper.
Studies of the sol-gel reaction made in the absence of the polymer demonstrated that Ti products have much higher reactivity than Si ones [23] . Despite this difference, mixed networks containing Si -O -Ti bonds could be obtained [24] [25] [26] .
We considered a study of the thermal behavior of sol-gel products without initiation of radical polymerization to be very interesting. Samples obtained after addition of water and after evaporation of monomers, solvent and residual water had the similar behavior independent of the monomer type. Results for VAc products are shown in Fig. 5 .
The weight loss below 200
• C strongly depends on the inorganic network hydrolysis. The higher weight loss is observed for the TIP network (s. 910) showing that not all alkoxy groups reacted and OH groups were present and condensed later [5] . The lower weight loss is observed for the most hydrophobic network mixture: with OTES (s.920) and with MPTS and TIP (s.912). Regarding the weight lost at 600
• C, the smallest loss has been observed for the VTES + TIP system and the highest loss at the OTES + TIP system. These two systems could explain the thermal stability of the hybrids with PMMA and PEtA, where the inorganic part does not possess the catalyst behavior for thermal destruction (Figs. 1, 2) .
The good correlation regarding the weight loss exists in the first stage for the PVAc systems (Figs.3, 4) , where the removal of thermal sensitive and volatile products takes place. In the second stage, i.e., between 200-600 • C, the catalytic effect and the interaction between two types of chain modify the thermal behavior of hybrids compared with inorganic network (Fig. 5) .
For all types of used polymers, the weight lost at 600
• C is higher than the predicted weight lost for a total sol-gel process. This difference confirms the previous results putting in evidence the presence of residual OH groups from the sol-gel reaction of Ti alkoxides [5, 7] . Residual groups could interact with polar groups from polymer [5, 27] . Interaction between polymeric and inorganic chains could take place by alkyl, phenyl and vinyl groups from inorganic network [10, 22] . The mentioned effect of hydrophobic group vs. interaction between polymeric and inorganic chains could be put in evidence by DSC, hence the glass transitiontemperature (T g ) for samples summarized in Table 2 was determined.
Comparing DSC curves obtained for PVAc and PVAc-TIP hybrid (s.931 and s.932, Fig.6 ), it was observed that the presence of the inorganic network induces a strong modification. The T g value determined for PVAc is 26.08
• C, i.e. it is very close to the literature source [28] . For the hybrid material this transition is not present. Many other minor transitions could be observed, possible because of micro-domains appearing from interaction between polymeric and inorganic chains. The hybrids containing TIP together with MeTES and OTES (s.933, s.934, Fig.6 ) show a transition in the range below T g of PVAc. The explanation is conferred by plasticization effect and by the decrease of the interaction possibility between polymeric and inorganic chains. The alkyl groups decrease the interaction probability between acetyl groups and inorganic chain. When alkyl group is replaced by methacryloyl group (s.932), the T g value of the hybrid is slightly higher than T g for PVAc. In this case a polar group could have a plasticization effect for PVAc, but it does not destroy the interaction possibility with an inorganic network.
PTES (s.937) has a little bit different effect. The obtained hybrid in the presence of PTES has not an obvious transition but transitions of some micro-domains (like s.931) are more ample. It is possible that phenyl group has not the necessary compatibility as plasticizer for PVAc, like in the case of alkyl substituted triethoxysilane hybrids.
IR spectra of samples from PVAc confirm that the substitute type of a Si compound could modify the interaction between polymeric and inorganic chains.
In the spectra of hybrids obtained with TIP (s.931), TIP and MeTES (s.933), TIP and VTES (s.935), the band at 1540 cm −1 appears assigned to kelated ketones [29] . This band does not appear with hybrids obtained with TIP and OTES (s.934). Thus very large octyl substitute decreases an interaction probability between the chains through polar groups.
The fact that the abovementioned band corresponds to some links between the inorganic chain and the polar acetyl groups is proved by its appearance with high intensity at the TIP hydrolyzed product and in AlAcAc presence ( Table 3) .
The interactions between alkyl groups of Si derivates and the polymer could be highlighted by following the modification of the A 940 cm −1 /A 2960 cm −1 ratio from IR spectra. Both absorption bands correspond to CH 3 groups. The 940 cm The band modification is in good concordance with results of thermal analyses (Figs.  4, 6) . The most rigid sample established from IR spectra (s.931) does not have a T g and it has the weakest thermal stability.
Hybrids obtained from TIP and AlAcAc copolymers
We mentioned above that some papers revealed the rate control of the sol-gel reaction of Ti derivates can be achieved by the introduction of some complexant reagents to obtain hybrids [3, 7] . The papers studying only the sol-gel reaction [24, [30] [31] [32] use acetyl acetone like a complexant diketone. These derivates increase the coordination number of the Ti atom and decrease the hydrolysis susceptibility of alkoxy derivates [30] . If complexant derivates are inserted in the polymeric chain, the interaction with an inorganic chain is much more increased. For this reason we tried to obtain hybrids of the VAc and MMA with AlAcAc copolymers (Table 3) .
Due to complexant properties of AlAcAc, the reaction rate of TIP hydrolysis decreased and all obtained mixtures were homogeneous liquids after addition of water. At 65
• C we obtained gels. The gelation rate of VAc mixtures was higher than MMA ones (Table  3) proving a complexant capacity of MMA.
Like in the previous experiments (Table 1) , Ti derivates (even complexed with AlAcAc) inhibit VAc copolymerization and hence a solid content of mixtures after polymerization was much lower in VAc case (Table 3) .
TGA curves for initial and final samples during VAc and AlAcAc copolymerization are similar unlike previous data (Fig.3,5) . This behavior proves that in the mixture phase of reagents, the radical polymerization could be initiated, but later these products inhibit the reaction. In accordance to sustain this judgment we observed a violent polymerization at mixing VAc with TIP. For this reason we worked in the first stage at 0 • C and TIP was always added after a monomer and solvent (Table 1 ).
In the AlAcAc presence, the VAc-TIP mixture could be obtained without the initiation of the fast polymerization (s.1164, Table 3 ). If water is added after 24h at room temperature we obtained the product with smaller inorganic content and with higher solid content than in the presence of AcEt (s.1158, Table 3 ). The organic part is only the copolymer obtained by initiation with TIP.
The difference of the content of inorganic residue between s.1158 and s.1163 (Table  3 ) indicated a complexation process of AlAcAc even with the hydrolysis products of TIP. As we showed above, IR spectra of the s.986 product (Table 3) show evidence of the 1540 cm −1 band assigned to kelate ketones [29] . This fact will help us to explain hybrid properties obtained with copolymers containing a complexant monomer. The very close values for the inorganic residue of the s.986 and s.1158 confirm the presence of the discussed complexation process: the complexant is found together with the hydrolysis product.
The MMA copolymerization is not affected by TIP presence like in experiments summarized in Table 1 . Comparing the solid content of samples obtained by MMA-AlAcAc copolymerization (s.993-s.995), we observed the decrease of the final yield and the initial concentration if (less reactive) allylic monomer increased.
If we compare the major thermal decomposition temperature, T o , for abovementioned MMA-AlAcAc copolymers with the similar temperature for hybrids obtained by copolymerization in TIP presence (s.990-s.992), the results from Fig.2 are confirmed: the thermal stability increases in the presence of inorganic network. The differences between T o of the hybrids and the copolymers increase with the increasing amount of TIP added:
The analysis of DSC curves for hybrids containing MMA-AlAcAc copolymers and hydrolysis products of TIP, highlights the presence of some glass transition temperatures higher than the copolymers T g 's (Fig.7, Table 3 ). The differences between T g values for both types of materials also increase with increasing TIP content: T g = 6.3
The complexation between the acetylacetate sizable substitute and the inorganic chain, increase the copolymer chain rigidity with increasing of the TiO 2 derivate content from TIP, but does not induced a lack of T g . Because the TIP presence did not allow to obtain hybrids with VAc-AlAcAc copolymers simultaneously with sol-gel reaction, we proceeded like in Table 2 : we first synthesized the VAc-AlAcAc copolymers (s.1154-s.1162, Table 4 ) and then we did sol-gel reaction (s.1165-s.1168, Table 4 ).
Comparing results regarding VAc-AlAcAc copolymerization (Tables 3,4 ) it could be mentioned that in EtOH their yield is higher than in toluene, probably because of a degradative transfer of increasing macroradicals with toluene. The thermal stability, assigned to T o , decreases with increasing concentration of allylic monomer. The first thermal degradation stage of PVAc is represented by removing of substitute structural units [20] . The acetoacetate substitute is certainly much vulnerable at air heating.
The thermal stability of obtained hybrids is affected by the comonomer content and TiO 2 obtained by TIP hydrolysis. The thermal stability decreases in the presence of the inorganic network containing titanium, like in PVAc-TiO 2 hybrids case ( Table 2) PVAc (s.1162) has a higher thermal stability than its hybrid (s.1168). In both cases T o value is higher than for corresponding hybrids and VAc-AlAcAc copolymers (Table  4) . Very interesting is the fact that the difference between T o (40 Modifications of T o value are in the reverse order for MMA copolymers compared with VAc copolymers. Similar with the case discussed previously, the reason of these differences is the different thermal degradation mechanism of these polymers [20] and the catalytic effect of Ti atoms vs. PVAc chains.
According to our knowledge, this influence of the type of inorganic networks vs. different thermal stability induced to polymeric chains from hybrids for TiO 2 as inorganic part is mentioned for the first time. It is very important for the further utilization of these hybrids.
The glass transition temperature, T g , is modified by the presence of inorganic network (Table 4 ). In all cases T g of hybrids are higher than that of initial copolymers. This difference depends on the concentration of TIP added, i.e., it depends on the concentration of TiO 2 formed: this difference is 0. For the homopolymer (s.1168), the increase of T g value (2.5
• C) was also observed. Unlike results summarized in Table 2 , for the PVAc hybrid a smaller number of phase transitions were observed, because the initial TIP concentration was lower (Table 4) .
Conclusions
Trying to obtain simultaneous hybrids containing PVAc, PMMA, PEtA, we found that the inorganic network with Ti inhibits VAc radical polymerization. Thermal properties of corresponding hybrids are affected by the presence of TiO 2 and by alkyl radicals of triethoxysilane derivates. For hybrids obtained with PVAc, the thermal stability decreases in the presence of TiO 2 . The higher thermal stability was obtained in the presence of trialkoxysilanes (VTES and MPTS) having active groups for the radical polymerization, which establish a covalent bond between polymer and inorganic chains.
Thermal stabilities of hybrids with PVAc decrease due to a catalytic effect induced by the TiO 2 presence. The presence of a complexant monomer decreases the rate of the radical polymerization of VAc and MMA and also of the sol-gel process of TIP. In the presence of a complexant, the thermal stability of PMMA increases. The thermal stability is lower for PVAc in the presence of the inorganic network containing TiO 2 . The glass transition temperature of hybrids compared with the polymer matrix increased. 
